Abstract The characteristics of high pressure sulphur hexafluoride (SF6) discharges in a highly non-uniform electric field under repetitive nanosecond pulses are investigated in this paper. The influencing factors on discharge process, such as gas pressure, pulse repetition frequency (PRF), and number of applied pulses, are analyzed. Experimental results show that the corona intensity weakens with the increase of gas pressure and strengthens with the increase of PRF or number of applied pulses. Spark discharge images suggest that a shorter and thicker discharge plasma channel will lead to a larger discharge current. The number of applied pulses to breakdown descends with the increase of PRF and ascends with the rise of gas pressure. The reduced electric field (E/p) decreases with the increase of PRF in all circumstances. The experimental results provide significant supplements to the dielectric characteristics of strongly electronegative gases under repetitive nanosecond pulses.
Introduction
Investigations on dielectric characteristics are essential for the design of equipment insulation. However, studies on gaseous breakdown under nanosecond pulses are limited compared with the conventional research in which the applied voltage is DC, AC, switching impulse or lighting impulse. The first paper about discharge characteristic experiments under nanosecond pulses was published by in 1949, which studied the relationships between formative delay time and electric field under nanosecond pulses [1] . Then many studies were performed and information on breakdown in gases, liquids, solids and on vacuum flashover was presented [2−9] . However, limited by the pulsed power capacity, most published papers focused on the results under a single nanosecond pulse or repetitive microsecond pulses.
With the rapid development of pulsed power technology, studies of dielectric characteristics under repetitive nanosecond pulses with high voltage and a steep rise time have drawn widespread attention [10−16] . Although research has continued for half a century, and some discharge mechanisms have been reported [17−19] , the discharge process under repetitive nanosecond pulses is not very clear yet and needs more in-depth research.
Because of its excellent insulating properties, sulfur hexafluoride (SF 6 ) is applied extensively in the power system domain, e.g. gas insulated switchgears (GIS). With the increase of voltage level, very fast transient overvoltages (VFTO), generated during the operation of disconnectors or circuit breakers, have gradually become a bigger threat to GIS. Since the sharp wavefront is one of the typical features of VFTO, usually within dozens of nanoseconds [20, 21] , the dielectric characteristics of SF 6 under high voltage pulses with a fast rising time have attracted much attention for the safe operation of electrical equipment.
In this paper, an experiment on the characteristics of high pressure SF 6 discharges in a highly non-uniform electric field under repetitive nanosecond pulses is con-ducted. The effects of such parameters as discharge current, number of applied pulses to breakdown, and the reduced electrical field are investigated and their relations with gas pressure and pulse repetition frequency (PRF) are discussed. Some typical discharge images are taken by a CANON-EOS 550D digital camera for a more in-depth analysis of the discharge characteristics. The experimental results can provide not only a significant supplement to the dielectric characteristics of strongly electronegative gases under nanosecond pulses, but also helpful references for the studies on dielectric characteristics of GIS under VFTO.
Experimental setup and measurement arrangement
The experiments are performed in sealed container which is full of high pressure SF 6 at room temperature. A schematic diagram of the experimental setup and measurement arrangement is shown in Fig. 1 . 
Experimental setup
A solid-state pulse generator (SPG200N) is used to generate the repetitive nanosecond pulses [22] . Its connection with the discharge container is shown in Fig. 2 . The container is a stainless steel cylinder and its bottom diameter and height are both 400 mm. SPG200N is an inductive energy storage type power system. Different from the conventional Marx pulse generator with a forming line, the amplitude of its output pulse is closely related to the load resistance, and Fig. 3 shows their correlations. Form Fig. 3 , it can be seen that the amplitude of the output pulse increases with the increase of load resistance. In this experiment, the amplitude of output pulses is adjusted by changing the density of the cycled salt solution, which is connected in parallel with the discharge circuit (see Fig. 1 ). The output pulse has a negative waveform with a rise time of 15 ns and a full width at half maximum of 30-40 ns, which is approximately a triangle wave (see Fig. 4 ). The PRF is controlled by a trigger modulator and varies from single shot to 1 kHz. The stability of output voltage is closely related to PRF and its fluctuation is less than 3% when PRF is lower than 100 Hz. However, it may exceed 10% when PRF rises above 500 Hz. Moreover, the amplitude of the output voltage will slightly reduce with the increase of PRF. Fig. 5 shows the variation trend of output voltage amplitude with PRF. The error bars reflect the standard deviation of the pulses under different PRFs. Form Fig. 5 , it can be seen that the mean amplitude of output voltage decreases slightly and the standard deviation becomes greater with the increase of PRF. However, the relative deviation is less than ±5% under different PRFs. The test electrodes are brass tip-to-plane electrodes which are used to simulate the highly non-uniform electric field. The tip one as a cathode is connected with the output voltage of the SPG200N. It has a symmetrical taper geometry and its maximum diameter is 2 mm, minimum diameter is 0.2 mm, and length is 5 mm. The plane one as an anode is connected with a currentlimiting resistor of 80 mm and 0.5 mm in diameter and thickness, respectively.
Measurement
Both the voltage and current are measured by selfmade probes. While the current probe is a current diverter made of a coaxial tubular low inductance resistive shunt and its resistance is about 0.1 Ω. It was calibrated by a Rogowski coil (Person 4100), whose sensitivity is 1 V/A. The voltage probe is a capacitive voltage divider located at the high-voltage output end of SPG200N, and its voltage ratio is about 19500:1. The current-limiting resistor, whose resistance is about 297 Ω, is located before the current probe and its main role is to cut down the amplitude of discharge current to protect the power.
Two oscilloscopes, a Lecroy oscilloscope WR204Xi (2 GHz and 10 GHz/s) and an Agilent oscilloscope 54832B DSO (1 GHz and 4 GHz/s), are utilized in the measurement system. The Lecroy is used to record all signals of applied voltages and related currents, and the Agilent is used to detect the breakdown phenomenon and record signals of discharge voltage and current.
A protective shut-off circuit is adopted in the measurement system to protect the power supply from the consecutive over currents [23] . Once a discharge is detected by the Agilent oscilloscope in the experiment, it will send a trigger impulse signal to the protective circuit and the output signal of the circuit will be sent accordingly to the source as a standard control impulse signal, which can shut off the power source accurately. So once a breakdown occurs the source will be shut off immediately, and then the number of applied pulses to breakdown can be recorded by using the Lecroy oscilloscope.
Experimental results and discussions
In this experiment, the gap length is selected as 15 mm and 10 mm; the output voltage amplitude is from 120 kV to 160 kV; and the PRF is selected as 10 Hz, 100 Hz, 500 Hz, and 1000 Hz. The running duration of power is set at 60 s under different PRFs. Each test point is repeated 10 times. The interval between the two applied voltages is at least 5 min. The SF 6 used in the experiment is a commercial product with purity of 99.99%. The discharge images are photographed by using a commercial digital camera CANON-EOS 550D with the exposure time of 10 s. Since the protective circuit can shut off the source immediately once a breakdown occurs, it can confirm that the photos have one spark discharge even under high PRF. In these images, the left side is the tip electrode and the right is the plane one.
Corona discharge
Before the breakdown occurs, at first corona discharge will appear at the pinpoint due to the high electric field intensity around this point. In this circumstance, the current measured in the experiment is mainly related to the structure of electrodes and the gradient of voltage waveforms, which is defined as displacement current in this paper. The calculation formula is
where I dis is displacement current, C eq is geometric capacitance, which is related with the geometry and arrangement of electrodes, and u is the voltage applied on the electrodes. So if the gap distance and the amplitude of applied voltage do not change, the amplitude of displacement currents has almost no obvious variation when the intensity of corona changes. A typical displacement current is shown in Fig. 6 . The alteration of the corona intensity with the parameters of gas pressure, PRF, and number of applied pulses under invariable applied voltage and gap distance can be represented by the corona discharge images. Since the light of corona discharge is quite weak, the aperture and sensitivity of the camera are set to 2.0 and 1600, respectively. Some typical corona imagines are shown in Fig. 7 . It can be seen that the corona area will contract with the increase of gas pressure and expand with the increase of PRF, i.e., the corona discharge will be stronger if the gas pressure is lower or the PRF is higher. From Fig. 7 (g), (h) and (i), it can also be seen that the intensity of corona will be strengthened with the increase of the number of applied pulses. Although the increase of applied pulses number can be supposed to lengthen and broaden the discharge channel to a certain extent, however, the increase of brightness is mainly considered as the cumulation of the discharge effect.
Spark discharge
With the elongation of corona discharge area, a breakdown occurs once the discharge channel bridges from the tip to the plane. At this time, a flash light as a spark spreads throughout the gap, so it is defined as a spark discharge. The discharge current at this moment increases suddenly, which obviously differs from the displacement current (see Fig. 6 ). The waveforms of discharge current under different gas pressures and PRFs are obviously quite different. Due to Ohm's law, the discharge plasma resistance may be the key influencing factor for the discharge current under an invariable voltage. Based on the calculation formula of plasma resistance [24] ,
where R p is the plasma resistance, l, σ p and s are the length, conductivity and area of the discharge plasma, respectively. It can be seen that, if the length (or width) of the plasma channel shortens (or broadens), the resistance will decrease and in turn the discharge current will increase. Because l and s can be observed from the discharge images, some typical spark discharge images are taken for confirmation. Fig.6 Typical waveforms of displacement current and discharge current (a) P = 190 kPa, P RF = 10 Hz, N = 100; (b) P = 210 kPa, P RF = 10 Hz, N = 100; (c) P = 230 kPa, P RF = 10 Hz, N = 100; (d) P = 190 kPa, P RF = 100 Hz, N = 100; (e) P = 210 kPa, P RF = 100 Hz, N = 100; (f) P = 230 kPa, P RF = 100 Hz, N = 100; (g) P = 230 kPa, P RF = 1 kHz, N = 100; (h) P = 230 kPa, P RF = 1 kHz, N = 100; (i) P = 230 kPa, P RF = 1 kHz, N = 200 Fig.7 Typical corona discharge images under experimental parameters (P : gas pressure; P RF : pulse repetition frequency; N : applied pulses number)
Since the light of spark discharge is quite bright, the aperture and sensitivity of the camera are adjusted to 20 and 800, respectively. The images with corresponding discharge currents are shown in Fig. 8 . It can be seen that the amplitude of discharge current will be larger if the discharge channel bridging from tip to plane is straighter and thicker; also at this time the channel is brighter. This just verifies that the straighter and thicker the discharge channel, the smaller the R p , and the larger the amplitude of discharge current.
Another interesting phenomenon is that the light is brighter near both electrodes, and darker in the middle of the gap, when the discharge channel is weak, as shown in Fig. 8(a) . The main reason may be that the space charge increases the electric field on both ends and decreases in the middle of the gap.
(a) P RF =1 Hz, P =160 kPa; (b) P RF =10 Hz, P =160 kPa; (c) P RF =1 kHz, P =160 kPa; (d) P RF =10 Hz, P =170 kPa Fig.8 Typical spark discharge images and related discharge currents under two nanosecond pulses (P : gas pressure; P RF : pulse repetition frequency)
Number of applied pulses to breakdown
In repetitive nanosecond pulse experiments, breakdown may take place after a series of nanosecond pulses. The number of applied pulses to breakdown (before the occurrence of breakdown) is one of the important parameters to reflect the dielectric characteristics under repetitive nanosecond pulses. In this experiment, the number of applied pulses to breakdown is recorded by using a Lecroy oscilloscope in time-reduced recording mode. Fig. 9 shows the correlation between the number of applied pulses to breakdown and the gas pressure under two PRFs, i.e. 500 Hz and 1000 Hz. It can be seen that the applied pulse number to breakdown increases with the rise of gas pressure, and increases slowly at the beginning, and much more sharply at the end. The two curves of ascending trend are similar. It is suggested that the discharge process can be hindered by more gas particles. The main reason may be that more free electrons attached to molecules forming negative ions would weaken the electron avalanche. Decrease of mean free path due to greater density of molecules may be another key reason. Fig.9 The correlation between number of applied pulses to breakdown and gas pressure Fig. 10 shows the correlation between the number of applied pulses to breakdown and the PRF. It is indicated that the number of applied pulses to breakdown will decrease with the increase of PRF. Also this can be confirmed by Fig. 8 . When repetitive pulses are applied on the gap, they will excite charged particles. If applied voltage disappears, attachment and recombination will take place among the particles and the charged particles, and especially electrons are reduced. With the increase of PRF, the time for attachment and recombination decreases and more residual ions from previous pulses are kept in the gap. Then more free electrons can appear when the next pulse is applied, which make a great contribution to the discharge process. However, the downward trend of applied pulses number is not obvious under higher PRF in a uniform field [22] . This means that the number of applied pulses to breakdown is more sensitive to a non-uniform field. Fig.10 The correlation between number of applied pulses to breakdown and PRF
Reduced electric field
Although the breakdown electric strength in a nonuniform field is not valuable to researchers, its regularities with the steepness of applied voltage and PRF still have certain reference values. Since the breakdown is not only related with the applied voltage, but also with the parameters of gap length and gas pressure, for simplicity, the correlation between reduced electric field (E/p) and PRF is investigated under different amplitudes of voltage and gap lengths.
In this paper, the critical breakdown voltage is defined as the upper threshold amplitude of the applied pulse, which cannot cause breakdown during ten experiments at the same test parameters. The average electric strength is defined as the division of critical breakdown voltage to gap length and the reduced electric field (E/p) is obtained by the division of average electric strength to gas pressure. Because the gas pressure cannot change continuously (5 kPa/time at this experiment), E/p is not a precise value and only the variation trend deserves discussion. Fig. 11 and Fig. 12 show the correlations under different amplitudes of applied voltages and gap lengths, respectively. It can be seen that E/p decreases with the increase of PRF for all applied voltages and gap lengths. This means that reducing the gap length or lowering the gas pressure can make the breakdown easier. This is consistent with the foregoing experimental results. Another conclusion from Fig. 11 is that the value of E/p rises with the increase of applied voltage. In fact, the increase of the voltage amplitude means a higher voltage gradient, since the rise time of the output pulse has little variation. Because breakdown always need a certain amount of time, when the waveform of the applied voltage is steeper, the voltage amplitude increases faster at the same time. Fig. 12 indicates that the value of E/p rises with the decrease of gap length. This means that the dielectric strength is decreased with the increase of non-uniform coefficient, which is greater with the increase of gap length. Fig.11 The correlation between reduced electric field and PRF under different applied voltages Fig.12 The correlation between reduced electric field and PRF under different gap lengths From Fig. 11 and Fig. 12 , it can also be seen that E/p has a relatively obvious decrease under higher PRF, even above 500 Hz. However, it has no obvious variation above 200 Hz in a uniform field [22] . That is to say, the PRF has a larger influence on the insulating capability of the gap in a non-uniform field than in a uniform field. The ionization coefficient of SF 6 is sensitive to the electric field, and it increases quickly with a slight increase of electric field. So the insulating capability declines under non-uniform field, the electric field in the vicinity of the pinpoint is several times higher than the average field, which may be the main reason. The influence of PRF on the discharge process under repetitive pulses may be ascribed to the residual ions, which can change the electric field in the gap.
Conclusion
The discharge characteristics of high pressure SF 6 under repetitive nanosecond pulses in a non-uniform electric field are investigated in this paper. The experimental results are of significance to the research involving repetitive nanosecond pulses.
The discharge images show that corona discharge occurs before breakdown. The intensity of the corona will be weaker with the increase of gas pressure, and stronger with the increase of PRF or number of applied pulses. However, the current amplitude has nothing to do with the corona intensity. Once the breakdown occurs, the waveform of the discharge current has an obvious change. The spark discharge images indicate that the amplitude of the discharge current has a close relation with the discharge plasma. The results show that when the length of plasma is shorter, or the channel is thicker, the discharge current amplitude is larger. The number of applied pulses to breakdown can reflect the dielectric characteristics of gases under repetitive pulses, and it descends with the increase of PRF and ascends with the rise of gas pressure. The reduced electric field (E/p) is introduced to present the insulating capability of gases. It is indicated that E/p decreases with the increase of PRF in all circumstances, and the amplitude of applied voltage and length of gap also have certain effects.
Although some simple conclutions are drawn on the breakdown process in a highly non-uniform electric field influenced by different parameters, such as gas pressure, length of gap, and PRF, they can not reveal yet the nature of the breakdown process, and more experimental data and analyses are needed for in-depth understanding.
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